Abstract
Introduction
niques with high-resolution target discrimination, electromagnetic compatibility (EMC) and interference (EMI) problems, and in the design of radio-communication equipment with a relatively large bandwidth [I]. Consequently, numerical techniques based on the solution of Maxwell's equations in the time domain have increased dramatically [Z] . However, although a time-domain approach can throw light on the problem in a way that is not possible using the conventional frequency-domain approach [3] , very little attention has been paid to the theoretical hasis of transient electromagnetic wave radiation [4-81 and, therefore, all antenna theory rests on the assumption of harmonic waves [S-111. This situation is explained by the fact that the time-domain analysis is much more complicated than the harmonic. Nevertheless, as shown in this paper and in 1121, which presents ideas complementary to those given here, there we cases where a sirnplificd analysis is possible.
The goal of this tutorial paper is to comment, from a physical point of view, on several basic features related to the radiation of transient electromagnetic waves by straight thin-wire antennas. With this purpose we initially obtain the expressions of the fields created by a hounded distribution of time-dependent sources in Gee space, and particularize them to find the Litnard-Wiechert expression of the fields due to a point charge in arbitrary motion. All the above will he used to study some basic properties of the electric field radiated by a traveling-wave thin-wire antenna (Section 4) and by a dipole thin-wire antenna (Section 5), excited by a transient cumnt. where 7 and p are the current and charge densities, respectively, 3 = P -7 is the vector from the source point ( 7 ) to the field point (P ), and, as is usual and as will he used henceforth, the square brackets (1 1) indicate that the magnitude inside them must be evaluated at the retarded time f' = t -R/c , where c is the velocity of light in free space. That is,
[TI = ?(?,t') = ? (7' ,t -R / c ) .
Introducing Equations (1) and (2) in the expression of the fields a(7,t) and s(?,t) in terms of the retarded potentials, given by
we obtain the fields from an integral of the source currents and charges over the volume V' as (see Appendix 1) 
where the last term of each equation specifies the radiated field in terms of the time variation of the current. Observe also that Equations (7) and (8) reduce directly to the Coulomb and Biot-Savart laws in the static limit,
The fields created by a single point charge q can be obtained from Equations (7) and (8) 
where 7' = ' ( t ) is the radius vector describing the trajectory S ( t ) of the charge (see Figure 2) . Then, Equations (7) and ( where G = C ( J , t j is the velocity of the point charge, A -k((t) is the unit vector from the charge to the observation point,
, p=G/c,and y = ( l -, b ) .
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The last term in Equation (13),
shows that the radiated far field is proportional to the charge acceleration.
In the next section, Expressions (9) and (15) are used to explain some interesting features of the transient radiation field of straight thin-wire antennas. Although from a macroscopic point of view, Expression (9) might be sufficient to explain these features, some physical insight is gained by also considering Equation (15) to relate them to the more fundamental physical point of view of the charge acceleration. As is well known, Formulas (13) (14) (15) can be particularized for the two significant cases of synchrotron radiation, where the charge velocity and acceleration are perpendicular (point charge in circular motion), and bremsstvahlung radiation, where the acceleration is parallel to the velocity. In this case Equation (13) ( 7 ) and charge ( p ) densities.
Traveling-wave thin-wire antenna
The radiation field, Equation (9), can be particularized for a traveling-wave thin-wire antenna with no reflection at the end and with the current approximated by an arbitrary transient pulse of duration AT ( I ( t ) = 0 for t S 0 or t > A T ) that travels, with no deformation, along the wire at the velocity corresponding to the exterior medium. Then, the usual far-field limit, where R is much larger than the dimension o f the source (see Figure 3 is the impedance of free space, T = f'--with c z'lc being the time that the current pulse takes in propagating a distance z' from the origin along the wire,
, and I ( T ) is the current at the retarded
Observe that the apparent spatial width (ASW) of the current, defined as the difference between the values of z' corresponding to ? = 0 a n d r = A T . i s
and depends on the angle 0 of observation.
Integration o f Equation (17) can be very easily canied out taking into account Equation (18) (20) is related, according to Eqnation (16), either to the charge acceleration that occurs at the feed point (first pulse), or to the charge deceleration that takes place at the end of the wire when the pulse stops propagating (second pulse) 116, 171. and this represents the critical angle where the overlapping between the two pulses contained in Equation (20) begins (see Figure 4 in [I21 for a geometrical interpretation).
2.)
The duration W of the radiated field, which depends on the angle of observation, is given by 4.) When the current becomes a traveling harmonic wave 
where g = 1 . 5 x l O Y s~' and t , = 1 . 4 3~1 0 -~s Figure 4 shows the shape (for an angle 8 less than, equal to, or greater than 0,) of the electric field radiated hy an antmma 1 m long. Observe from Equation (24) that, for this case, 0, = 81.84" Figure 5 shows how B, decreases with the length of the wire. Notice that, for this Gaussian pulse, the maximum length for which there is always overlapping is 1, =0.429m. Figure 6 represents the amplitude (normalized by r70/(4nr)) of the field radiated by the traveling-wave antenna plotted against time (in units of 0.251~) when we change both the length and the angle of observation. In all cases, the dashed lines represent the two pulses contained in Equation (ZO), while the continuous lines represent the radiated fields that result from adding them. The first case in Figure 6 corresponds to an antenna of length I < 0.429 m, excited by a transient current of duration AT = 2 . 8 6~1 O~~s s ; then, according to Equation (24), there is no critical angle, and therefore there will always be overlapping. In the two remaining cases in Figure 6 , the plots on the lefl show the radiated field for a 0 <8,, the middle ones for a B = E,, and the oncs on the right for a 0 > 0,. It can be ohsewed again that, as the length of the antenna increases, the critical angle 8, decreases, while the distance between the two pulses increases in such a way that at the limit of I + m , there will only he a single pulse, due to the initial acceleration of the charges at the feed point. The question of why the critical angle exists can be explained by comparing the value of the paramckr ASW as a Cuiction of 0 (Equation (18)) to the length I of the antenna. Three possibilities arise (ASW greater than, equal to, or less than I), which are represented in Figures 7a, 7h , and 7c, respectively. In these figures, the lengths of the lines with mows are proportional to the ASW. The dotted lines show either the pari of the current pulse that has not yet entered the antenna, or that has already passed it. In each case, three different time steps are represented as follows. 
The dipole antenna
The above ideas and results can be easily extended to study the field radiated by a center-fed dipole antenna of length L = 21, excited by a current pulse of duration AT (Figure 9 ). We can obtain the expression of such a radiated field by taking into account the reflections of the current pulse (deceleration and acceleration of charges) that take piace each time it anives at the end of each arm, and introducing a new reflection coefficient at the feed point that considers the losses occuning as the pulse retums from the end of the antenna to the feed point [6, 7, 181. Notice also that 0 changes to the complementary value when the current propagates in the -2 direction. Then, we arrive at the general expression of the radiated electric field [7] : 
where r, and rb are the reflection coefficients at the ends and at the feed point, respectively, which, strictly speaking, are frequency dependent variables. Nevertheless, there are several ways to approximate them by constant values [6, 7, 181 . In this paper, for the example of a center-fed linear dipole antenna of length I = 1 m and radius a = 0.00674m, we use the values given in [7] , that is, Time -Llc Figure 13 . The radiated electric field of the dipole antenna plotted versus time normalized to Llc. The length of the antenna is L = 1 m and the radius a = 6.74mm; it is excited by a Gaussian current pulse. The angle of observation is 8 = SO".
sent the results obtained with the simplified analysis described here, and the dashed lines give the results obtained by numerical analysis [19] reflection) along the wire, the dipole antenna will only radiate the initial feed-centered pulse, due to the initial acceleration of the charges at the feed point.
The discussion presented in this section can be extended to the case of dipole antennas with the feed point located at an arbitrary position on the wire, and can also be applied to calculate the field scattered by a thin wire excited by a transient plane wave. Moreover, the results can be improved by using numerical techniques to calculate the reflection coefficients [18] . In any case, it should he pointed out that the approximation of the current in Equation (17) is based on neglecting the dispersion of the single current pulse as it propagates along the wire. The deformation of the pulses increases as the length of the antenna increases [SI.
Therefore, the simplified analysis presented is acceptable provided that I is not large compared to C A T , or if we are only interested in the early-time behavior of the fields.
Conclusions
This paper presented several basic features related to the radiation of transient electromagnetic waves by straight thin-wire antennas excited by a transient current. The analysis was based on the approximation that the current pulse propagates along the antenna with no deformation. Then, for a traveling-wave antennaand, by extension, for a center-fed dipole antenna-the analytical expression of the radiated field as a function of the angle of observation was obtained. For antennas that are not long compared to the ASW of the transient current, the results obtained using this simplified method agree quite closely with those obtained using numerical methods.
To discuss the characteristics of the radiated field from a physical point of view, we first obtained the fields due to a timedependent hounded distribution of sources at a fixed location and from them, the Libnard-Wiecherl fields due to a point charge in arbitrary motion. Then, we used these results to analyze the shape of the radiated field as a function of the angle of observation, the length of the antenna, and the duration of the current pulse.
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Appendix A: Derivation of Expression (7)
The gradient of the retarded charge, Equation ( Substituting Equations (31) and (32) into Equation (5) . we obtain and finally Equation (7) by calculating [V'-jI as
Appendix B: Derivation of Expression (13)
The fields created by a moving charge can be obtained from those due to a time-dependent p and f source distribution at a fixed location by substituting Equations (11) and (12) into Equation (7), which gives where A = I(/R is the unit vector from the position ofthe charge to the observation point (Figure 3) . Because of thc delta function, the factors inside the integral in Equation (35) come outside and are evaluated at the retarded position and time, there only remaining the volume iniegral of the delta function, which simplifies to [21] To obtain the Libnard-Wiechert fields, it is necessary to carry out the following derivatives, which take into account the implicit dependence of all the retarded terms on 7 and t:
Then, from Equations (35) to (37) and after some laborious algebra, we obtain the Lienard-Wicchert fields, Equations (13) and (14) . In this process, it can be observed that the radiation term, Equation (9) . created by the bounded distribution of sources, when particularized to a point charge, not only produces the radiation teim in Equation (13), but also gives the following contribution to the near field: which can be neglected if the velocity of the particle is low in comparison to c ( p << 1; K + 1 ).
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Including Web URLs for conference and other information that is inherently of a timely and-ofien-of a transient nature is part of o m news function. What should he done about references to Web pages in feature articles and columns? If a reference is made to a "paper" publication, I, as Editor, havc some degree of confidence thal you, as a reader, are not only going to be able la access the publication (with, perhaps, varying degrees of effort, depending on where it was published and the type of publication), hut that what yon find will bc the same as what the author cited and intended as the reference. The same is most definitely not tme o f a reference to a Wcb site. At the moment, I don't have a good solution to this problem. There is certainly valuable information on the Web, and this certainly includes information that could be very appropriate to cite as a reference in the Magazine. However, I have no good way of insuring that a reference to a Web site will he valid at any point in time, nor that what is at that Web-site reference will he what the author intended when he or she made the reference.
It has heen suggested that one way to at least partially solve the problem would he for the IEEE to "capture" copies of all Web pages referenced in IEEE publications, and to maintain an archive of these. Thus, if an article in volume 41, number 3 (1999) of the Magazine contained a reference to http://smith.codfeaturc.htm , a reader could go to something like http://www.ieee.org/ieeeapmag/weharchive/4103 1999ip47refZ.htm and find a copy of the referenced page as it was ... when? On the date of receipt of the article? On the date of review? On the date of acceptance? On the date of publication? How is the cost of establishing and maintaining the archive going to be handled? There are possible solutions, hut they may well not be practical, and there are lots of issues to be addressed in their implementation.
There is another problem the Magazine constantly faces regarding Web URLs and e-mail address: they really do not fit well into column-formatted, justified text! You can look at the above paragraph for an example. Worse, what do you do about an address that ends a sentence, or immediately precedes other punctuation? I've adopted the practice of leaving a space between the end of the address and the punctuation, hut I cringe every time I do it.
Until we have either a policy or a consensus regarding the above issues, all I can do is to warn our readers of the risks involved in citing and using Web-site references. Part of the reason for mentioning in this issue what has been an on-going concern is that we have one feature article that makes reference to a snbstantial list of Web sites in this issue. The references are not critical to the article. However, they could be of considerable value to readers interested in the topics involved.
If you have comments or suggestions yon would like to share with me or our readers on this topic, please send them to me.
Summer is coming ... to the Northern hemisphere, at least. As I indicated at the start of this column, so is the Orlando Symposium, followed by the URSI General Assembly in Toronto in August. I just sent the 970-page Review of Radio Science, 1996-1999 off to Oxford University Press, and they assure me it will he done in time to he distributed to the General Assembly registrants.
The IEEE assures me that this issue of the Magazine will make it to the Symposium in time, assuming we meet the schedule we're now on. After more than two straight months of doing little else but editing, I'm looking forward to h e Symposium, followed by a careful study of crowd scattering by complex structures and happiness propagation at a place run by a large rodent who seems to know how to keep himself and everyone else young, if not in years, at least in heart. I hope your summer is as enjoyable, and that we have the chance to meet along the way.
